Objectives-The purpose of this study was to compare Superb Microvascular Imaging (SMI; Toshiba America Medical Systems, Tustin, CA) with conventional color flow Doppler (CFD) and power Doppler (PD) imaging in the liver to distinguish between malignant and benign liver neoplasms.
D
iagnostic ultrasound (US) has an important role in the initial evaluation, surveillance, and follow-up of liver lesions, despite the increasing use of contrast-enhanced computed tomography and magnetic resonance imaging. The benefits of diagnostic US are that it is noninvasive, relatively inexpensive, and readily available and does not produce ionizing radiation. The other important characteristic that US possesses is the ability to assess and characterize lesions in real time, which can aid in treatment planning and therapy evaluation.
Color flow Doppler (CFD) imaging has become universal and essential in the interpretation of diagnostic US since its development. This method is based on the Doppler effect, which uses the change in the frequency or wavelength of a wave when it is moving relative to an observer. 1 The shift in frequency is related to the contraction or expansion of wavelengths ahead or behind the wave-emitting moving object. 2 Continuous-wave Doppler US uses continuous sound transmission from one transducer element, and the sound that echoes back is detected by a second receiving transducer element. This process results in overlaps in the beams of the two transducers where the Doppler-shifted signals may be detected. 2 Pulsed wave Doppler US (duplex Doppler US) is an extension of continuous wave Doppler US, but instead of continuous emission of sound, pulsed sound is used, and it combines B-mode US with time and interrogation of acoustic pulses, thus combining both anatomic and Doppler information. 2 Color flow Doppler imaging results in a 2-dimensional image depicting flow superimposed on a 2-dimensional grayscale image.
Color Doppler imaging can detect not only the presence or absence of flow within an object but also the velocity and direction of flow and the anatomic structures at the region of interrogation. Nevertheless, there are limitations with color Doppler imaging, especially in the setting of slow flow and small vessels. These limitations can sometimes be overcome by power Doppler (PD) imaging, which is a variation of CFD in which the Doppler shift frequencies are summed up to produce an intensity, 3 at the expense of information regarding the direction of flow. Contrast-enhanced US can further help with the detection of smaller vessels and slow flow. However, it comes with its own drawbacks, such as restrictions on the use of the contrast agent, which is not available at all places, and a cost burden.
A new technique called Superb Microvascular Imaging (SMI; Toshiba America Medical Systems, Tustin, CA) has been developed to overcome the limitations discussed above to improve the detection of slow flow and smaller vessels. In the setting of color Doppler imaging, wall filters are used to remove clutter artifacts that arise from voluntary or involuntary patient motion, which usually consist of low Doppler frequency shifts that overlap with small vessels and slow flow. As a result, flow information from small vessels and slow flow is removed by wall filters designed to eliminate clutter artifacts. Super Microvascular Imaging applies a novel clutter suppression algorithm that separates flow signals from overlying tissue motion artifacts. The aim of SMI is to preserve the subtlest low-flow components, which are otherwise removed by conventional wall filters, while displaying flow information with a high spatial resolution and high frame rates. 4 Super Microvascular Imaging is relatively new, and there are only a few recent studies that have assessed the use of SMI in breast 5 and liver 6 lesions. The purpose of this study was to compare SMI with conventional color Doppler imaging in the liver and to assess not only whether SMI is more superior in just the detection of flow but also whether it can aid in distinguishing between malignant and benign liver neoplasms.
Materials and Methods
After Institutional Review Board approval (number 449984-ED), patients undergoing routine pre-radiofrequency ablation planning US examinations for suspected hepatocellular carcinomas (HCCs) of less than 2 cm in diameter based on the results of a prior magnetic resonance imaging examination obtained within 1 month of the pre-radiofrequency ablation planning US examination and showing an American College of Radiology Liver Imaging Reporting and Data System (LI-RADS) category 4 or 5 lesion between January 1, 2015, and July 1, 2016, were prospectively identified. Patients undergoing follow-up US examinations to assess the stability of what were believed to be benign hepatic lesions, usually hemangiomas, were also recruited prospectively as a control group during the same period. Each patient's medical record was subsequently reviewed to retrospectively abstract the final clinical diagnosis of HCC, benign hemangioma, or another lesion. All US scans were recorded on an Aplio 500 Platinum series US system (Toshiba America Medical Systems) using curvilinear 1-6-MHz transducers and included CFD imaging, PD imaging, and SMI. All US images were obtained by 5 different American Registry for Diagnostic Medical Sonography-certified sonographers with at least 1 year to as many as 30 years of clinical experience or by the principle investigator for this study, with 30 years of clinical experience. All images were obtained with the transducer perpendicular to the skin surface, which allowed the best visualization of the lesion and with all settings, including gain, wall filter, and scale, optimized to produce the best images possible for each technique.
Four readers, a radiologist with 30 years of experience in US, 2 fellows with 2 years of experience in US, and a second-year resident in radiology, reviewed the US images independently. Both still images and cine clips were analyzed for each case. Each study was evaluated for the presence or absence of flow along the periphery of the liver lesion being examined as well as the presence or absence of flow centrally within the lesion on CFD imaging, PD imaging, and SMI. Patients were reviewed in random order, and all readers were blinded to the magnetic resonance imaging reports and whether the nodule being examined was benign or an HCC. For each image, the lesion was each graded on a scale of 0 to 3, with grade 0 being no flow at all, grade 1 having a single vessel present, grade 2 having 2 vessels present, and grade 3 having 3 or more vessels present. Peripheral and central vessels were evaluated and reported separately. Figure 1 shows examples of grades 0 (no flow), 1 (solitary vessel), and 2 (multiple vessels) centrally within and peripherally surrounding the nodule in question.
Categorical variables were summarized as number (percent). Inter-reader agreement was assessed by the unweighted Cohen j statistic (presence/absence of vascularity) and linearly weighted Light j statistic (vessel grades 0-3). The primary unit of analysis was the read. Each patient contributed 1 or more lesions, and there were 4 reads per lesion. These reads were not treated as independent observations, however. Receiver operating characteristic curves and the corresponding areas under the curve (AUCs) were calculated per reader and averaged to evaluate how well the vessel grades could discriminate between HCC and benign lesions. The nonparametric bootstrap method with resampling by patient and percentile was used to calculate 95% confidence intervals (CIs) and compare AUCs between modalities while accounting for the dependence among multiple reads of the same patient. Similarly, vessel grades were compared between modalities by the Wilcoxon signed ranks test with reads permutated by patient to account for the dependence among multiple reads of the same patient. All statistical calculations were conducted with the statistical computing language R (version 3.1.1; R Foundation for Statistical Computing, Vienna, Austria). Throughout, 2-sided tests were used, with statistical significance defined as P < .05.
Results
A total of 76 patients (49 men and 27 women) were recruited, with a mean age of 53.3 years. After excluding 11 patients because the lesion was not sufficiently visualized by US (n 5 5) or all 3 images (CFD, PD, and SMI) were not acquired (n 5 6), there were 65 patients with 70 lesions imaged available for analysis. Of these 70 lesions, 43 (61%) were diagnosed HCC, whereas the remaining 27 (39%) were benign lesions. There was fair-to-moderate agreement between the 4 readers on the central and peripheral vessel grades on CFD (j 5 0.3920.47), PD (j 5 0.3620.42), and SMI (j 5 0.3720.58) images, as summarized in Table 1 
For each type of image, there were 280 reads (4 readers 3 70 lesions). Across all reads, central vessels were detected in 82 (29%) of CFD reads and 81 (29%) of PD reads. No grade 3 vessels were detected on either CFD or PD reads. By contrast, central vessels were detected in 131 (47%) SMI reads, which was significantly greater than the other modalities (P < .001 for both). Grade 3 vessels were detected in 7 (3%) reads (Table 2) .
Peripheral vessels were detected on 175 (62%), 175 (62%), and 230 (82%) of CFD, PD, and SMI images, respectively. Higher peripheral vessel grades were found on SMI than CFD (P < .001) and PD (P < .001) images: in particular, more grade 2 (39% versus 16% and 11%, respectively) and grade 3 (8% versus 0% and 0%; Table 2 ). Overall, more central and peripheral vessels were found on SMI than CFD and PD imaging for both HCC lesions (P < .001) and benign lesions (P < .001; data not shown). Figure 2 shows superior depiction of blood vessels on SMI compared with CFD imaging around and within a liver lesion. Figure 3 shows how SMI often showed more blood vessels within the liver parenchyma as well as within a liver lesion.
Vascularity grades were compared between HCC and benign lesions, as shown in Table 3 . Vascular grades were significantly higher in HCC lesions than benign lesions in nearly all cases, although the corresponding AUC values were relatively low, at 0.54 to 0.59 for the central vessel grades and 0.63 to 0.64 for the peripheral vessel grades (Table 3 and Figure 4) . 
Discussion
Superb Microvascular Imaging uses unique US algorithms to identify blood flow that is typically not depicted on CFD and PD US, thus allowing enhanced detection of small blood vessels. 4 There are few publications available describing SMI features of HCC, and to our knowledge, this study included the largest quantity of HCCs examined with SMI to date. All lesions classified as HCC in our study were either pathologically proven or met standard imaging criteria for HCC based on Although statistically significantly higher vessel grades were found in HCC lesions than benign lesions by all 3 modalities, the relatively low AUC values of 0.64 and less suggest that these vascularity features cannot be used alone to differentiate HCCs from benign lesions. As opposed to a previous study examining liver masses with SMI, our study did not seek to characterize the morphologic patterns of vessels 6 ; rather, we examine the number of vessels present within or at the periphery of each lesion: 0, 1, 2, or 3 or more. Similar to our study, Xiao et al 7 found that the number of vessels in breast masses correlated with malignancy, although in their setting, the AUC was substantially higher at 0.88 based on the morphologic vascularity pattern for their receiver operating characteristic curves. In their study, nonvascularity, a linear or curvilinear pattern, and a treelike pattern were set as the criteria for benign lesions, whereas root hair-and crab claw-like patterns were set for malignant lesions 7 ; however, we did not observe these in our own study.
With regard to HCC, SMI was the only technique to show 3 or more vessels within these malignant lesions. Grade 3 vessels were most common in the periphery of HCCs and less common centrally. Benign lesions commonly had either no vascularity or a single vessel peripherally. The improved Doppler sensitivity observed with SMI compared to CFD and PD imaging was consistent with previous reports. 5, 7 Even benign lesions had more vascularity on SMI than on CFD and PD imaging. Interreader agreement was overall fair to moderate, with j statistics that ranged from 0.36 to 0.588.
Limitations of our study included the small quantity of lesions overall and HCCs. Previous studies that supported the use of computed tomography and magnetic resonance imaging in the detection of HCC were done on similarly sized patient populations compared with ours, although more than 40 studies using computed tomography or magnetic resonance imaging have been published. a Values are number (percent).
In conclusion, more central and peripheral vessels were found around liver lesions on SMI than on CFD and PD imaging. Although there was significantly greater vascularity on the periphery of malignant liver lesions than benign lesions, the overall diagnostic performance based on this criterion alone was relatively low, with an AUC of 0.64.
